Infrared absorption from Charge Density Waves in magnetic manganites 
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The infrared absorption of charge density waves coupled to a magnetic background is first ob- 
served in two manganites Lai-^Ca^MnOa with x = 0.5 and x = 0.67. In both cases a BCS-like gap 
2A(T), which for x = 0.5 follows the hysteretic ferro-antiferromagnetic transition, fully opens at a 
finite To < Tjveei, with 2A(To)/fcsT c — 5. These results may also explain the unusual coexistence 
of charge ordering and ferromagnetism in Lao.sCao.sMnOs. 

PACS numbers: 75. 50. Cc, 78.20.Ls, 78.30 .-j 



The close interplay between transport properties and 
magnetic ordering in the colossal magnetoresistance 
(OMR) manganites La(Nd)i_ 2; Ca(Sr) a ,Mn03 is presently 
explained in terms of magnetic double exchange pro- 
moted by polaronic carriers along the path Mn +3 - 0~ 2 
- Mn +4 . Charge hopping promotes the alignment of 
Mn +3 and Mn +4 magnetic moments, and vice versa. The 
polaronic effects are due to the dynamic Jahn- Teller dis- 
tortion of the oxygen octahedra around the Mn +3 ions. 
The above mechanism explains how, in manganites with 
0.2 < x < 0.48, any increase in the magnetization en- 
hances the dc conductivity, and vice versa. However, 
La 5 Cao.5Mn03 shows an unpredicted coexistence of fer- 
romagnetism and incommensurate charge ordering (CO). 
This compound is paramagnetic at room temperature, 
becomes ferromagnetic (FM) at T c ~ 225 K and, by fur- 
ther cooling (C), antiferromagnetic (AFM) at a Neel tem- 
perature Ijy ~ 155 K. H Upon heating the sample (H) 
the FM-AFM transition is instead observed at T§ ~ 190 
K . H The dc conductivity a(0) of Lao.sCao.sMnOa is 
quite insensitive to the PM-FM transition at T c . j| X- 
ray, neutron and electron diffraction show quasi- 
commensurate charge and orbital ordering in the AFM 
phase with wavevector q — (2-k/o){\ — e,0, 0). The in- 
commensurability e increases with temperature and fol- 
lows the hysteretic behavior of the AFM-FM transition, 
until charge ordering disappears above the Curie point 
T c . § At higher Ca doping, for 0.5 < x < 0.75, a tran- 
sition to a charge ordered phase || is observed in the 
paramagnetic phase at Tco- Tco is a maximum (265 K) 
for x = 0.67 ~ |, where the charge ordering is commen- 
surate with the lattice. Below Tco, the system enters at 
Tjv an antiferromagnetic phase. For x = 0.67, Tjv — 140 
K. 



In the present paper, the unexpected coexistence of 
incommensurate charge ordering and ferromagnetism 
in Lao.5Cao.5MnC>3 is investigated by infrared spec- 



troscopy. The spectra of stoichiometric LaMn03 and 
of Lao.33Cao.67Mn03 are also examined for comparison. 
Both doped manganites allow to study the optical re- 
sponse of charge density waves (CDW) interacting with a 
magnetic background. Such an experiment could hardly 
be done in the low-dimensional systems where CDW are 
usually observed. 

The present infrared spectra have been collected on the 
same Lai-^Ca^MnOs samples, prepared as described in 
Ref. S, where the above diffraction studies have 
been performed. The oxygen stoichiometry has been 
accurately controlled, || to fulfill doping requirements 
which are particularly strict at x — 0.5. The sinther- 
ized compound has been finely milled, diluted in Csl 
(1:100 in weight), and pressed into pellets under vac- 
uum. One thus obtains reliable data when both the re- 
flectance and the transmittance of the sample are too low, 
as shown in similar experiments j?]] on La2- x Sr x Ni04 and 
Sr2- x La x Mn04. The infrared intensity / s transmitted by 
the pellet containing the oxide and that, Icsi, transmit- 
ted by a pure Csl pellet, have been measured at the same 
T. One thus obtains a normalized optical density that, 
as shown in Ref. ||, is proportional to the optical con- 
ductivity <j(uj) of the pure perovskite, over the frequency 
range of interest here: 



(1) 



The spectra have been collected by two interferometers 
between 130 and 10000 cm -1 , and by accurately ther- 
moregulating the samples within ± 2 K between 300 and 
20 K. The susceptibility x( T ) of Lao.5Ca .5Mn0 3 has 
been measured at zero static field in a commercial ap- 
paratus by the Hartshorn method, at a frequency of 127 
Hz. 

The optical density Od(w) of Lao.sCao.sMnOs is com- 
pared in Fig. 1 with that of stoichiometric LaMnOa. The 
latter compound shows in Fig. 1(a) a negligible absorp- 
tion in the midinfrared at all temperatures. At least 10 
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phonon lines, out of the 19 predicted |9| under the or- 
thorombic symmetry of LaMnC>3, are also found out in 
Fig. 1(a) by a fit to Lorentians. A detailed analysis of 
the phonon spectrum of this family of manganites will be 
reported elsewhere. 
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FIG. 1. The optical density Od of polycrystalline LaMnC>3 
(a) and Lao.sCao.sMnOs (b) as the sample is cooled from 300 
K to 20 K. The dashed lines in (b) represent extrapolations 
based on Eq. (3). 



room temperature and Tjy. 

A loss of spectral weight such as in Fig. 1(b) can be 
measured by the variation of an effective number of car- 
riers n e ff(T), obtained by integrating a(u) between two 
suitable frequencies. By taking into account Eq. (1), we 
can define for the present purpose a quantity: 

n* eff (T)= / O d (u)dw<xn eff (T) (2) 

As suitable integration limits one may take the two fre- 
quencies where Od(uj) does not appreciably change with 
temperature, uji = 200 cm -1 and 0J2 — 1500 cm -1 . The 
values thus obtained for n* e ^{T) along a thermal cycle 
are plotted in Fig. 2(a). The inset compares the spectra 
observed at the same T = 160 K upon cooling and heating 
the sample. When the latter is cooled from T > T c , spec- 
tral weight is increasingly lost in the far infrared. A com- 
parison with the corresponding curves of the magnetic 
susceptibility x{T) in Fig. 2(b) shows that the decrease 
in n* e ff (T) is completed well below the Neel temperature 
TJy . Full localisation of the carriers is then observed only 
when x{T) has reached its minimum value and an AFM 
phase is established in the whole sample. When heat- 
ing the sample, n*^(T) starts increasing around 120 K, 
again well below T§. 

The behavior of the infrared absorption in Fig. 1(b) 
and 2(a) in a temperature range where electron diffrac- 
tion observes incommensurate charge ordering, points to- 
ward the formation a charge density wave. One can then 
extract from Fig. 1(b) the optical gap 2A(T) and com- 
pare its behavior with that expected for a CDW. In that 
case, a(u) at w > 2A(T) is similar to that of a semicon- 
ductor in the presence of direct band to band transitions. 
fllTf By remembering again Eq. (1), one can then fit to 
the experimental Od(oj), for 10 > 2A(T), the expression: 



Let us now consider Fig. 1(b), where the optical den- 
sity of Lao.5Cao.5Mn03 is reported for decreasing tem- 
peratures. At 300 K the phonon peaks are shielded by a 
broad background which, after a straightforward compar- 
ison with Fig. 1(a), can be attributed to the mobile fic| l 
holes introduced by Ca doping. However, at a T between 
245 and 215 K, a minimum appears in that background, 
which gradually deepens by further lowering the temper- 
ature. This signature of an optical gap provides evidence 
for increasing localisation of the carriers. Indeed, as T 
lowers, phonon peaks similar to those in Fig. 1(a) become 
more and more evident, showing that the screening action 
of the mobile holes weakens. Moreover, the states lost in 
the gap region for decreasing temperature are transfered 
to higher frequencies (see the crossing point of the ab- 
sorption curves at ~ 1500 cm -1 ), not to a coherent peak 
at lo = 0. This finding is consistent with the regular de- 
crease in <r(0) H observed in Lao.sCao.sMnOa between 



er(w) oc [u - 2A(T))] a . 



(3) 



The curves thus obtained, reported as dashed lines in 
Fig. 1(b), well describe the resolved part of the gap 
profile at all temperatures with the same a = 5. The 
resulting values for A(T) are plotted in Fig. 2(c) as 
full circles, those corresponding to heating the sample 
as open circles. BCS-like fits for 2A(T) have been suc- 
cessfully applied to the optical behavior of charge density 
waves in polar systems, |l2| even if the resulting values for 
2Ao/fcs?c are much higher than that (3.52) expected for 
a weak electron-lattice coupling. An analytic expression 
for 2A(T) between T = and T c , Jp) which also holds 
under moderately strong coupling, |14|] can be written as: 



A(T)/A Q = tank 



A(T)T C 
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FIG. 2 

magnetic susceptibility x(T) (b), and width of the optical gap 
2A (c) vs. temperature in Lao.sCao.sMnOs, as the sample is 
cooled (full circles, solid lines) or heated (open circles, dashed 
lines). The lines in (a) are guides to the eye, those in (c) are 
fits to Eq. (5). The inset in (a) shows the optical densities 
measured at the same T — 160 K by cooling (solid) and heat- 
ing (dashed). In (b), the Tjy and T§ values here found at a 
static field H = are slightly higher than reported in Ref. [3] 
for H = 1 T. In (c), the star corresponds to the activation 
energy extracted from the dc resistivity of Ref. [3] (see text). 

Unlike for an ordinary CDW, here the antiferromagnetic 
background fully localizes the charges at a finite To < Tjf, 
which moreover depends on the thermal procedure. We 
find that this effects can be simply taken into account by 
replacing in Eq. (4) T = by Tf(X = C,H): 



A(T)/A = tanh 
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Indeed in Fig. 2(c), Eq. (5) well fits both series of data 
by using the same values 2Ao = 710 ± 20 cm -1 and T c ~ 
210 K, which gives 2A a /k B T c ~ 4.8. T C = 50 K and T<f 
= 120 K are introduced into Eq. (5) for cooling and heat- 
ing, respectively. Any attempt to raise either T value to- 
wards the corresponding Tjy cosiderably worsen the fit, 
thus confirming that the gap fully opens well below the 
Neel temperature. One may notice that the dc resistivity 
reported for Lao.gCao.gMn03 in Ref. || follows an expo- 



nential behavior p(T) oc exp[Eo/kBT] below ~ 110 K. 
The activation energy Eq = 675± 25 cm -1 (star in Fig. 
2(c)) is in excellent agreement with the present value of 
2Ao- A refinement of the present infrared data would 
instead be needed in order to investigate the nature of 
the gap (or possibly pseudogap) slightly above T c . 

The results of Fig. 2 can be usefully discussed in con- 
nection with those of electron diffraction in the same 
Lao.sCao.sMnOs powder. The behavior of the incom- 
mensurability parameter e, reported in Fig. 2 of Ref. 
H, is quite similar to that of n* eff (T) in Fig. 2(a). At 
240 K, where n* e ^(T) starts decreasing, weak peaks from 
a charged superlattice appear in the electron diffraction 
spectra, corresponding to e ~ 0.10. As T lowers, e(T) 
decreases to 0.01 at T = T/v and vanishes below ~ 120 
K. Along a thermal cycle, e(T) follows a hysteretic be- 
havior quite similar to that of n*^JT) in Fig. 2 (a). 
Such results, and the present observation of 2A(T), can 
be attributed either to an incommensurate, homogeneous 
charge density wave, or to discommensurations between 
ordered domains which are commensurate with the lat- 
tice. The former assumption can be ruled out at x — 0.5 
and in the presence of a strong electron-lattice coupling 
which creates polaronic carriers. The latter possibility 
points toward a phase separation scenario, as discussed 
below. 

The average dimension of the commensurate domains 
would be H L = a/pe, where a ~ 0.55 nm is the lattice 
parameter in the Mn-0 planes, and p = 2 is the order of 
commensuration. This gives L ~ 5a at T Cl L ~ 50a at 
Tjv. One may expect that an AFM phase is established 
in such regions, as observed on a macroscopic scale below 
Tco for x > 0.5. H If this is true, the ferromagnetism ob- 
served in Lao.sCao.sMnOs below T c can only take place 
in the disordered regions which separate the commen- 
surate AFM clusters. Even there however, the charges 
should have a reduced mobility. To understand what may 
happen, one should consider that single-particle hopping 
undergoes intrinsical limitations at x > 0.5. Indeed, the 
dynamical distribution of Mn +3 and Mn +4 ions in the 
lattice is not purely statistical, as the system reduces its 
free energy by alternating distorted and undistorted oc- 
tahedra. Then for x = 0.5, a valence electron on Mn +3 
is surrounded by Mn +4 nearest neighbors and may easily 
establish with these latters a double exchange mecha- 
nism. However, the same electron after the first jump 
will be surrounded by Mn +3 ions (except for the start- 
ing site, now Mn +4 ) so that a second jump in some for- 
ward direction is prevented by the Hubbard repulsion. 
Most electrons will then be confined within a few cells by 
jumping back and forth between Mn nearest neighbors, 
unless a coherent motion of charges over long distances 
takes place. However, this latter should determine a sud- 
den drop in the dc resistivity below T c , observed in |lq ] 
Ndo.sSro.sMnOa, not in H Lao.sCao.sMnOs, where the 
small size of the Ca ion reduces the hybridization between 
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the Mn 3d and O 2p orbitals. In Lao.sCao.sMnOs, the 
hopping of polaronic carriers would then be able to estab- 
lish a double-exchange mechanism, not effective enough 
to establish ferromagnetism and high dc conductivity in 
the whole sample. 

The above phase-separation scenario for 
Lao.5Cao.5Mn03 at T c > T > T/v is consistent with 
the present spectra at infrared wavelengths, where any 
inhomogeneity on a scale much larger than L is averaged 
out. In Fig. 1(b), the (poorly) mobile holes of the FM 
regions then appear as they were the excited states of 
the commensurate CDW condensate in the AFM clus- 
ters. The consistent behaviors of x(T), n e ff (T), and 
e(T) between T c and To are easily explained: all those 
quantities in fact measure in different ways the increas- 
ing size of the AFM clusters at the expense of the FM 
regions. 




Temperature ( K ) 
FIG. 3. Width of the optical gap 2A(T) in 
Lao.33Cao.67Mn03, with its fit to Eq. (5) (solid line). The 
spectra used to extract 2A(T) by the extrapolations based on 
Eq. (3) (dashed lines) are shown in the inset. 

However, in order to firmly establish the above inter- 
pretation, it remains to show that the regions with com- 
mensurate CO may produce an infrared gap which be- 
haves according to Eq. (5). To this purpose, we show 
in Fig. 3 the midinfrared spectra of Lao.33Cao.67Mn03. 
This sample exhibits commensurate charge ordering be- 
low Too = 265 K, with wavevector q = (27r/a)(|, 0, 0). 
H Its absorption spectra, reported in the inset of Fig. 
3, show formation of a gap in the infrared background, 
starting around Tco- No appreciable effects around the 
PM-AFM transition at T N ~ 140 K, neither hysteretic 
phenomena, affect 2A(T), as obtained by use of Eq. (3). 
Also in the commensurate CDW of x — 0.67, then, 2A(T) 
is well fit by Eq. (5). One obtains T c ~ 255 K (in good 
agreement with the above Tco), Tq = T$ = 35 K, and 
2A = 810 ±25 cm -1 . One thus obtains 2A /fc B T c ~ 
4.6, a value close to that observed in the FM phase of 



La . 5 Ca .5MnO3. 

In conclusion, the present paper first reports on the op- 
tical response of charge density waves interacting with a 
magnetic background. Both the incommensurate charge 
ordering in Lao.sCao.sMnOs and the commensurate or- 
dering in Lao.33Cao.67Mn03 open in the infrared ab- 
sorption a gap well described by a standard BCS-like 
equation, provided that T = is replaced with a finite 
To < Tjy. The values for 2Ao/fcsT c indicate a moder- 
ately strong coupling and authorize a posteriori the use of 
the above equation. These results also suggest an expla- 
nation for the intriguing coexistence of ferromagnetism 
and charge ordering in Lao.sCao.sMnOs. It can be rec- 
onciled with the double-exchange model, provided that 
one introduces a phase-separation scenario. Commensu- 
rate charge-ordered clusters, probably antiferromagnetic, 
compete with disordered ferromagnetic domains where 
most charges are confined within a few cells. At the long 
infrared wavelengths, these poorly mobile holes appear 
as the excited states of the CDW condensate confined in 
the commensurate clusters. 
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